function in target cells [21] . Exosomes produced from HIV-1 infected cells contain 2 7
the transactivation response (TAR) element and exposure of naïve cells to these 2 8
exosomes increases their susceptibility to HIV-1 infection [22] . The HIV-1 genome is 2 9
also secreted into exosomes from infected cells, and the region responsible for this The HIV-1 genome encodes the prototypic retroviral proteins (Gag, Pol and Env), two Vpu). Of these, the Nef protein is expressed early in the viral life cycle and is secreted 3 7
into exosomes, which are found in the blood circulation of infected individuals [24] .
8
Motifs in the Nef protein that are required for its packaging into exosomes have been
mapped to a stretch of four arginine residues (amino acids 17-22) and the sequence 4 0 VGFPV (amino acids 66-70) named as the secretion modification region (SMR) [25] .
1
Earlier work from our laboratory has shown the Nef protein expressed to interact with 4 2 the miRNA silencing machinery in human monocytic U937 cells and to be packaged 4 3
into exosomes [26] . It also alters the mRNA and miRNA profile of exosomes [27] .
4
While exosomes containing Nef were shown to cause the activation-induced death of were then centrifuged at 100,000 xg to pellet exosomes. The exosomal pellet was supernatants from EYFP or Nef-EYFP cell lines were concentrated through 100,000 The formation of stress granules was analyzed by confocal microscopy. Cells (J1.1,
HeLa or HEK293T) were transfected with the G3BP1-GFP expression plasmid. After were washed with RPMI, fixed in 4% paraformaldehyde and mounted using antifade
containing DAPI (Invitrogen, Carlsbad, CA, USA). Images were acquired using a
Nikon A1/R confocal microscope at 60X magnification. To evaluate the effects of exosomes produced from Nef-expressing monocytic cells cells latently infected with HIV-1. We first evaluated virus production from J1.1 cells
as a function of time when these cells were co-cultured with U937/Nef-EYFP or The result showed lower levels of HIV-1 from J1.1 cells that were cocultured with 1 4 2 U937/Nef-EYFP compared to U937/EYFP cells (Fig.1A ). To confirm this was not with U937/EYFP and decreased virus production in case of U937/Nef-EYFP co-
culture (Fig. S1 ). The levels of virus secreted in the culture media were quantitatively 1 4 9 estimated using a p24 ELISA. There was around 50% reduction in virus production media from U937/Nef-EYFP compared to U937/EYFP cells ( Fig. 1C and Fig. S1 ),
suggesting that secretory factor(s) might mediate this effect. Conditioned media from 1 5 7
U937/Nef-EYFP cells had no significant effects on the viability (Fig. S2A ) or cells, which are U937 cells that are latently infected with HIV-1, were either co-1 6 0 cultured or treated with conditioned media from U937/Nef-EYFP cells (Fig. S3) .
The effects of conditioned media suggested that secretory factor(s) from Nef-
expressing cells mediate the down modulation of HIV-1 production from J1.1 cells.
Since Nef is also secreted in exosomes [27] , it is plausible that these effects are 1 6 4 mediated through exosomes. We therefore isolated exosomes from the culture supernatants of U937/Nef-EYFP and U937/EYFP cells (Fig. S4A) , and characterized the purified exosomes for surface markers with flow cytometry (Fig. S4B ). Secretion
of the Nef protein in exosomes was confirmed by Western blotting (Fig. 1D ). for apoptosis by flow cytometry for Annexin V staining (Fig. S4C ) and
immunoblotting for PARP cleavage (Fig. S4D) . The results showed that exosomes
secreted from U937/Nef-EYFP cells induced apoptosis in bystander CD4+ T cells.
We also tested if these exosomes induced apoptosis in HIV-1 infected J1.1 cells by
analyzing the cleavage of procaspase 3 to caspase 3. Surprisingly, no induction of
apoptosis was observed in HIV-1 infected cells treated with conditioned media from
U937/Nef-EYFP cells (Fig. S5A ). The interaction of Nef with CXCR4 is also 1 7 9
reported to be important for inducing apoptosis in bystander CD4+ T cells [31] . We virus production in infected CD4+ T cells. The exosomal delivery of Nef to HIV-1 infected CD4+ T cells is important for
inhibiting viral replication
Since Nef is secreted in exosomes, we asked whether the effects on viral replication mutant in which residues in the SMR region (amino acids 66-70) were changed to 1 9 7
alanine. Flow cytometry (data not shown) and Western blotting were used to confirm ( Fig. 2A) . After fixing, the mixed cell population was gated for the U937 and J1.1 cell used to treat J1.1 cells (Fig. 2C) . To understand the mechanism(s) underlying the effects of Nef exosomes on HIV-1
replication, we first tested if these affect HIV-1 LTR activity. For this, J1.1 cells were
transfected with a HIV-1 LTR-luciferase reporter construct, and these were either co-
cultured or treated with conditioned media from U937/Nef-EYFP or U937/EYFP 2 2 1 cells. After 48 hr, the cells were analyzed for HIV-1 LTR driven luciferase activity. No significant differences in luciferase activities were observed in either condition
between Nef and control exosomes ( Fig. S7A and S7B ). We also quantified gag
mRNA levels in J1.1 cells upon treatment with conditioned media or exosomes from
U937/Nef-EYFP or U937/EYFP cells and found no significant differences ( replication by Nef-containing exosomes. To check the role of miRNAs in that stably expressed either wild type or mutant Nef-EYFP fusion proteins or EYFP.
3 4
There were no significant differences in luciferase activities in J1.1 cells treated with
any of the exosomes (Fig. S7E ).
3 6
We then explored the possibility of translational suppression of viral mRNAs. For this, we first checked phosphorylation of the eukaryotic translation initiation factor Nef compared to control exosomes (Fig. 3A) . It is reported that phosphorylation of treated with control exosomes (Fig 3A) . Stress granules sequester selective
populations of mRNAs leaving out those mRNAs whose products are needed to 2 4 7 overcome stress. We did not observe any reduction in the levels of Hsp70, a 2 4 8 molecular chaperone that is needed to resolve cellular stress ( Fig 3A) .
4 9
Furthermore, we tested the assembly of stress granules by first transfecting a G3BP1- total RNA associated with stress granules was isolated and gag RNA was quantified 2 6 0 by qRT-PCR. Higher levels of gag RNA were found to be associated with stress infectious than those released from cells treated with control exosomes (Fig. 4B ). alone [25, 27, 28] . Nef alters membrane trafficking, increases the proliferation of 2 7 8
MVBs and enhances its own secretion in exosomes [36] [37] [38] . An earlier study has 2 7 9
shown that Nef secreted in exosomes causes activation-induced cell-death in transcriptional silencing of viral mRNA, but results in increased assembly of stress 2 8 7
